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Abstract
Spinal muscular atrophy (SMA) is a heritable, autosomal recessive neuromuscular disorder characterized by a loss of the 
survival of motor neurons (SMN) protein, which leads to degeneration of lower motor neurons, and muscle atrophy. Despite 
SMA being nosographically classified as a motor neuron disease, recent advances indicate that peripheral alterations at the 
level of the neuromuscular junction (NMJ), involving the muscle, and axons of the sensory-motor system, occur early, and 
may even precede motor neuron loss. In the present study, we used a mouse model of slow progressive (type III) SMA, 
whereby the absence of the mouse SMN protein is compensated by the expression of two human genes (heterozygous 
SMN1A2G, and SMN2). This leads to late disease onset and prolonged survival, which allows for dissecting slow degen-
erative steps operating early in SMA pathogenesis. In this purely morphological study carried out at transmission electron 
microscopy, we extend the examination of motor neurons and proximal axons towards peripheral components, including 
distal axons, muscle fibers, and also muscle spindles. We document remarkable ultrastructural alterations being consistent 
with early peripheral denervation in SMA, which may shift the ultimate anatomical target in neuromuscular disease from 
the spinal cord towards the muscle. This concerns mostly mitochondrial alterations within distal axons and muscle, which 
are quantified here through ultrastructural morphometry. The present study is expected to provide a deeper knowledge of 
early pathogenic mechanisms in SMA.

Keywords Neuromuscular disease · Muscle denervation · Muscle spindle · SMN · Transmission electron microscopy · 
Mitochondria

Introduction

Spinal muscular atrophy (SMA) is a heritable, autoso-
mal recessive neuromuscular disorder, which encom-
passes a broader group of disease subtypes all sharing Federica Fulceri, Francesca Biagioni and Fiona Limanaqi equally 

contributed to this work.

 * Francesco Fornai 
 francesco.fornai@neuromed.it; francesco.fornai@unipi.it

 Federica Fulceri 
 federica.fulceri@unipi.it

 Francesca Biagioni 
 francesca.biagioni@neuromed.it

 Fiona Limanaqi 
 f.limanaqi@studenti.unipi.it

 Carla L. Busceti 
 carla.busceti@neuromed.it

 Larisa Ryskalin 
 larisa.ryskalin@unipi.it

 Paola Lenzi 
 paola.lenzi@unipi.it

1 Department of Clinical and Experimental Medicine, 
University of Pisa, Via Roma 55, 56126 Pisa, Italy

2 I.R.C.C.S. Neuromed, Via Atinense 18, 86077 Pozzilli, IS, 
Italy

3 Department of Translational Research and New Technologies 
in Medicine and Surgery, University of Pisa, Via Roma 55, 
56126 Pisa, Italy

http://orcid.org/0000-0002-3883-5084
http://crossmark.crossref.org/dialog/?doi=10.1007/s00702-021-02353-9&domain=pdf


772 F. Fulceri et al.

1 3

loss-of-function mutations/conversion or deletion in the 
survival of motor neurons 1 (SMN1) gene (Lefebvre et al. 
1995; Arnold et al. 2015). These homozygous disruptions 
lead to a deficit in the ubiquitous SMN protein, which is 
known to regulate RNA processing, mostly small nuclear 
ribonucleoprotein (snRNP) biogenesis and pre-mRNA 
splicing (Li et al. 2014). This occurs mostly during neu-
ronal development when SMN protein localizes predomi-
nantly in the nucleus within “gems” or Cajal bodies (Liu 
and Dreyfuss 1996; Hebert et al. 2001; Navascues et al. 
2004). During neuronal maturation, a progressive shift in 
SMN localization from the nucleus towards the cytoplasm 
and axoplasm occurs (Giavazzi et al. 2006). SMN localiza-
tion within dendrites and axons of motor neurons, and also 
in peripheral components (e.g. muscle), suggested additional 
roles aside from its canonical functions in the spliceosome 
(Pagliardini et al. 2000; Rajendra et al. 2007). As recently 
reviewed, SMN plays a more general housekeeping role by 
intermingling with various, ubiquitous cell processes. These 
include RNA translation, cytoskeletal dynamics and endo-
cytosis, autophagy and ubiquitin–proteasome cell-clearing 
pathways, as well as mitochondrial activity and bioenerget-
ics (Chaytow et al. 2018).

The loss of SMN protein due to homozygous disrup-
tions of SMN1 leads to progressive degeneration of lower 
motor neurons (MNs) associated with muscle atrophy and 
paralysis. However, the age of onset, clinical phenotype, 
and degree of severity vary among four different (type I-IV) 
SMA subtypes (Zerres and Rudnik-Schoneborn 1995; Lunn 
and Wang 2008; Arnold et al. 2015). Type I, also known 
as Werdnig-Hoffmann disease, is a very severe form with 
very early onset before the age of 6 months, rep-resenting 
an overall 45% of SMA cases, and the most common genetic 
cause of infant mortality within 2 years of life (Zerres and 
Rudnik-Schoneborn 1995; Lunn and Wang 2008; Arnold 
et al. 2015). Type II, or Dubowitz disease, is an intermediate 
SMA form, with onset between 7 and 18 months. Gener-
ally, the ability to stay seated independently is preserved 
and survival is into adulthood, except for cases in which 
respiratory compromise due to restrictive lung disease 
may occur (Zerres and Rudnik-Schoneborn 1995; Lunn 
and Wang 2008; Arnold et al. 2015). Type III SMA, also 
known as Kugelberg and Welander syndrome, is a slowly 
progressing form with onset after 30 months of life, with 
patients typically having normal milestones in the first year 
of life. Generally, ambulation is preserved over many years, 
and the prognosis is good (Zerres and Rudnik-Schoneborn 
1995; Lunn and Wang 2008; Arnold et al. 2015). Finally, 
type IV SMA, which may occur an as autosomal dominant 
disorder, is the less severe subtype, with an onset between 
10 and 30 years (Monani 2005). Despite a limb-girdle phe-
notype, it allows patients to have a normal lifespan (Mercuri 
et al. 2012; Arnold et al. 2015). The milder (type II-IV) 

SMA phenotypes are in part associated with an increase in 
the (dosage) copy number of the SMN2 gene, which codes 
for a centromeric analog copy of SMN1 protein (Campbell 
et al. 1997; Farrar and Kiernan 2015). In fact, even the small 
amount of full-length transcript generated by SMN2 may 
partly compensate for the loss of SMN1-produced protein, 
with SMN1 dosage which correlates inversely with disease 
severity (Monani et al. 2000a; Arnold et al. 2015), which 
is in line with the piooner study of Lefebvre et al. (1997).

Despite recent advances, in-depth knowledge of the 
molecular mechanisms and fine neuropathology of SMA 
is still lacking. Since obstacles still exist with obtaining 
human specimens from either biopsy or post-mortem sam-
ples, research efforts aimed at validating appropriate SMA 
animal models are key. In 1997, the first SMA model fea-
turing SMN knockout (KO) was generated by intercross-
ing (Smn+/−) mice. In this model, death occurs early at 
embryonic stages due to a failure to progress to the blas-
tocyst stage (Schrank et al. 1997). Three years later, it was 
demonstrated that introducing the human SMN2 gene in 
variable amount increases the life span in SMN-KO mice 
(Hsieh-Li et al. 2000; Monani et al. 2000b). Being reminis-
cent of what occurs in SMA patients, who carry at least one 
or more copies of the SMN2 gene, these mice express, with 
high variability, motor deficit and spinal cord pathology, 
which is characterized by degenerating MNs and muscle 
denervation (Hsieh-Li et al. 2000; Monani et al. 2000b). 
Increasing SMN2 dosage further attenuates the motor neuron 
disorder and prolongs survival, allowing post-natal life in 
such a model (Monani et al. 2000a, b). Still, the disease has 
an early onset with severe motor impairment and a short life-
span, which led to propose this model as reminiscent of type 
I human SMA (Monani et al. 2000b). Nonetheless, the lack 
of a sufficient time window, which could instead allow for 
dissecting potential degenerative phenomena operating early 
in SMA pathogenesis, added a further level of complexity in 
animal SMA research. In an effort to obtain animal models 
with longer survival and slower disease progression, which 
could better mimic type III human SMA, a novel SMN-KO 
(Smn−/−) mouse model was generated featuring a human 
SMN1 mutation (SMN1A2G), along with human SMN2 
(Monani et al. 2003). Contrarily to homozygous SMN1A2G 
mice, which do not feature motor alterations, heterozygous 
SMN1A2G mice develop a slow-progressive motor neuron 
loss, which is reminiscent of human SMA III (Monani et al. 
2003; Gavrilina et al. 2008). In fact, in the present model, the 
absence of the mouse SMN protein is compensated by the 
expression of two human genes (heterozygous SMN1A2G, 
and SMN2), which leads to late disease onset and prolonged 
survival. This renders such a model quite different from most 
experimental models characterized by early and massive 
MN loss, which progresses rapidly in condensed time inter-
vals. In fact, the short time window (a few weeks) of motor 
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deterioration occurring in most SMA I models is likely to 
recruit molecular mechanisms that differ from those occur-
ring during slowly progressive degeneration (lasting more 
than a year). This also applies to the occurrence of compen-
satory mechanisms (Monani et al. 2003; Fulceri et al. 2012).

In our previous studies, we used this knockout double 
transgenic (SMN2+/+; Smn−/− ; SMN1A2G+/−) SMA 
III mouse model to characterize the spinal cord pathology 
along with motor deficit at prolonged survival times (up to 
535 days) (Fulceri et al. 2012; Biagioni et al. 2017). In par-
ticular, MN loss was quantified along with size variations of 
spared MNs, as well the occurrence of heterotopic MNs and 
radial glia within the white matter. This allowed to detail, 
for the first time, SMA III neuropathology at stereological 
level, which was carried out at long time intervals corre-
sponding to almost 18 months. At this time point, a rough 
40% of MNs loss was documented at a steady-state, when 
the deficit in motor activity did not progress any further. 
This consisted of a reduction in hind limb extension reflex 
and paw grip endurance, which started at 200 and 85 days, 
respectively, and reached a plateau at nearly 300 days of 
disease progression. Instead, the rota-rod and stride-length 
test outcomes were not altered at any time points (Fulceri 
et al. 2012; Biagioni et al. 2017). Such a dissociation in time 
and severity concerning MN loss and motor impairment sug-
gests that other biological phenomena are involved in SMA 
pathogenesis, among which peripheral changes are taking 
center stage.

In fact, recent advances in SMA experimental research and 
clinics indicate that peripheral alterations at the level of the 
neuromuscular junction (NMJ), involving the muscle and dis-
tal axons, including sensory fibers, occur early, and may even 
precede MNs loss (Mentis et al. 2011; Bowerman et al. 2012; 
Wadman et al. 2012; Fayzullina and Martin 2014; Edens et al. 
2015; Boido and Vercelli 2016; Fletcher et al. 2017; Vukojicic 
et al. 2019; Lefebvre and Sarret 2020). This is reminiscent of 
what is quite well-confirmed in other neuromuscular disorders 
such as Amyotrophic Lateral Sclerosis (ALS) and Spinal Bul-
bar Muscular Atrophy (SBMA) or Kennedy’s disease (Dupuis 
and Echaniz-Laguna 2010; Natale et al. 2015; Lalancette-
Hebert et al. 2016; Limanaqi et al. 2017, 2020). Indeed, the 
role of NMJs in the pathogenesis of neuromuscular disorders 
is anything but peripheral, since early alterations involving 
components of the sensory-motor system, including the mus-
cular endplate, muscle spindle, and proprioceptive fibers, may 
critically contribute to disease onset through muscle denerva-
tion and altered MNs excitability, up to MNs loss (Kararizou 
et al. 2006; Rajendra et al. 2007; Mentis et al. 2011; Boido and 
Vercelli 2016; Fletcher et al. 2017; Vukojicic et al. 2019). This 
is bound to (1) the lack of SMN protein, which besides MNs, 
is critical for the homeostasis of NMJ synapses, sensory and 
motor axons, and muscles, and (2) impairment of retrograde 

signals or transport mechanisms coming from NMJs (Rajendra 
et al. 2007; Bottai and Adami 2013; Boido and Vercelli 2016).

These data prompted us to extend the examination of motor 
neurons and proximal axons towards peripheral components, 
to unravel any potential ultrastructural alterations occurring 
in slowly progressive SMA. In the present study, we add to 
our previous observations in the SMN-KO double transgenic 
mouse model (SMN2+/+; Smn−/−; SMN1A2G+/−) by char-
acterizing at ultrastructural level, the peripheral muscular den-
ervation which is supposed to occur early in neuromuscular 
disorders, including SMA. In this purely morphological study 
carried out at transmission electron microscopy (TEM), we 
dissect the fine ultrastructure of muscles and distal axons in 
WT and SMA III mice, further extending our analysis to the 
muscle spindles. To our knowledge, this is the first report com-
prehensively documenting ultrastructural alterations within the 
muscle, muscle spindles, and distal axons in SMA III mice 
models. Remarkably, despite a 40% MNs loss and motor 
alterations characterizing these very same SMA mice, as 
assessed in our previous studies (Fulceri et al. 2012; Biagioni 
et al. 2017), the ultrastructure of surviving MNs and proxi-
mal axons is largely preserved. Instead, subcellular pathology 
within the muscle, distal axons, and muscle spindles appears 
mostly severe, with SMA muscles featuring a markedly dis-
arranged sarcomere architecture, which is recapitulated by 
the severe alterations of intrafusal fibers occurring within the 
muscle spindle. Again, distal axons feature remarkable altera-
tions in myelin sheath and clogging of axoplasm by abnor-
mal, amorphous structures. These include intrusions of the 
myelin sheath itself, and electron-dense, amorphous material, 
including abnormal mitochondria with fragmentation and dis-
appearance of cristae and ridges. In this frame, ultrastructural 
morphometry was applied to assess mitochondrial alterations, 
which turned out to be dramatic within the muscle and distal 
axons of SMA mice.

Our findings are consistent with a wide stream of evi-
dence indicating peripheral denervation as a key event in the 
pathogenesis of neuromuscular disorders, which may shift 
the ultimate anatomical target in slow progressive SMA from 
the MNs within the spinal cord towards the muscle. This is 
expected to provide a platform for future experimental stud-
ies aimed at providing a deeper knowledge on the pathogenic 
mechanisms operating early in SMA, which could be key 
to fostering novel molecular targets and disease-modifying 
strategies.

Materials and methods

Animals

We used the KO, double transgenic mouse model (N = 10) 
carrying the genotype Smn−/−; SMN1A2G±; SMN2+/+ 
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(SMA III mice) generated by the Jackson Laboratories (Bar 
Harbor, Maine, USA, Stock No. 5026). As control mice 
(N = 10) the FVB/NJ strain was used (Jackson Labora-
tory, Stock No. 1800), which corresponds to the Wild type 
(WT) for the KO double transgenic Smn-/-; SMN1A2G ±; 
SMN2+/+ mouse. This heterozygous mouse for the 
SMN1A2G gene owns barely detectable SMN protein lev-
els compared with the homozygous strain (Monani et al. 
2003), which was also confirmed by our previous studies 
(Fulceri et al. 2012). All experimental procedures were car-
ried out according to the Guidelines of the European Council 
(86/609/EEC) for the use and care of laboratory animals. 
The experimental protocol was approved by the local Ethical 
Committee, and by the Ministry of Health.

Animals received food and water ad libitum and were 
housed under controlled conditions in 12 h light/dark cycle, 
and at 21 °C room temperature. Both WT and KO double 
transgenic (Smn−/−; SMN1A2G±; SMN2+/+) mice were 
killed at 18 months of age in order (1) to assess ultras-
tructural changes consistent with peripheral denervation 
in such a slowly progressive motor neuron disorder, and 
(2) not to risk further the occurrence of accidental deaths 
(cage deaths), which in longer time may have reduced mice 
number and/or bias the experimental findings. In fact, these 
experiments require an average of 2 years, making it difficult 
to replicate motor tests if the mice number is reduced. Motor 
tests and stereological motor neuron counts in these mice 
were previously performed and published by our group (Ful-
ceri et al. 2012; Biagioni et al. 2017). For the present analy-
sis, stored replicates from these previous studies (N = 10 
mice per group) were selected.

Tissue dissection and processing for transmission 
electron microscopy

Mice were deeply anesthetized with chloral hydrate and 
perfused trans-cardially with saline solution (0.9% NaCl) 
and the fixing solution 2% paraformaldehyde/0.1% glutar-
aldehyde in 0.1 M phosphate-buffered saline, pH = 7.4. The 
spinal cord and gastrocnemius muscle were dissected and 
moved overnight at 4 °C in the same fixing solution (2.0% 
paraformaldehyde and 0.1% glutaraldehyde in 0.1 M PBS, 
pH = 7.4). The lumbar tract of the spinal cord and gastrocne-
mius muscle were surgically dissected, with muscles being 
gently stretched for 10 s, and spinal cords being gently 
removed to avoid any abnormal pressure. Specimens were 
then immersed for 1 h and 30 min in the fixing solution used 
for perfusion. Afterward, specimens were post-fixed in a 
1%  OsO4 buffered solution for 1 h and 30 min at 4 °C, and 
then dehydrated in increasing ethanol solutions, and finally 
embedded in epoxy resin.

For each spinal cord sample, two tissue blocks (volume 
of 5  mm3) were cut to obtain an average of 20 grids, each 
one including at least 5 cells, which were analyzed along 
non-serial sections. Motor neurons were selected based on 
classic morphological features (multipolar cells with dis-
persed nuclear chromatin and prominent nucleoli). In order 
to improve the selection of motor neurons, we also applied 
a size exclusion criterion which is validated by several pre-
vious studies adjusted to various mouse strains (Morrison 
et al. 1998; Martin et al. 2007; Fornai et al. 2008a, b; Fer-
rucci et al. 2010; Fulceri et al. 2012; Fornai et al. 2014; 
Natale et al. 2015). This consists of excluding those lamina 
IX neurons measuring less than 30 μm of maximum diam-
eter, which limits the analysis to phasic alpha-motor neurons 
(α-MNs). Despite ruling out gamma motoneurons (γ-MNs) 
and most tonic α-MNs, this allows to rule out type I Golgi 
projecting neurons.

As far as it concerns muscle samples, we cut little blocks 
(each measuring a volume of 5  mm3) in the central part of 
the belly at the level of the wider muscle size in order to 
achieve a homogeneous analysis of the same muscle area 
in each mouse. Since variations in muscle fibers orientation 
may lead to different structural perspectives and different 
measurements, each block was cut following the same longi-
tudinal orientation. This procedure allows keeping constant 
the reference points while following the course of peripheral 
nerve fibers within muscle length, thus reducing experimen-
tal bias as much as possible. Analysis at TEM was oriented 
by a previous light microscopy observation of 1–2 μm-thick 
serial semi-thin sections, which were cut using an ultrami-
crotome (Porter Blum MT-1 Reichert-Jung). These slices 
were stained with 1% toluidine blue and 1% methylene blue 
in 1% sodium tetraborate, and they were analyzed concern-
ing the homogeneity of muscle segments and nerve fiber 
tracts. Ultrathin sections were stained with uranyl acetate 
and lead citrate. For TEM analysis, 90 nm-thick sections 
from both spinal cord and muscle specimens were cut with 
an ultramicrotome and stained with uranyl acetate and lead 
citrate. Grids were examined at JEOL JEM-100SX transmis-
sion electron microscope (JEOL, Tokyo, Japan) at magnifi-
cation ranging from 3000× up to 10000×.

Morphometric analysis of mitochondrial alterations

Mitochondria were defined as altered according to criteria 
being validated by previous morphological studies (Fornai 
et al. 2008a, b; Natale et al. 2015) as follows: (1) signifi-
cantly decreased electron density of the matrix (dilution, 
vacuolization, cavitation); (2) fragmented and ballooned 
cristae (intracristal swelling); (3) partial or complete sepa-
ration of the outer and inner membranes; (4) mitochondrial 
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swelling. Accordingly, the following data were calculated: 
(1) density of mitochondria in muscle and distal axon of 
WT and SMA mice; (2) percentage of altered mitochon-
dria in the muscle and distal axon of WT and SMA mice; 
(3) mitochondrial swelling, assessed by measuring the 
maximum and minimum mitochondrial diameter in both 
muscle and distal axons of WT and SMA mice. In order 
to extend the characterization and the quantification of 
abnormal mitochondria, we analyzed the occurrence of 
paracrystalline inclusions (PCIs) within altered mitochon-
dria within the muscle. Mitochondrial PCIs were defined 
as rigid rectangular crystals which fill most of the mito-
chondrial volume (Hammersen et  al. 1980; Ghadially 
1988; Vincent et al. 2016). These electron-dense regular 
bodies consist of stacked sheets (each one name crystal or 
filament) with a reciprocal placement which may be either 
oblique or parallel. The number of mitochondria contain-
ing these specific inclusions as ultrastructural disease 
hallmarks was quantified and expressed as a percentage 
of total muscle mitochondria of both WT and SMA mice.

Post‑embedding immunoelectron microscopy

Post-embedding immunoelectron microscopy was carried 
out to test different antibodies in ultrathin sections cut 
from the same resin-embedded sample block. Ultrathin 
sections were collected on nickel grids and processed for 
protein detection after the removal of  OsO4. As reported 
in our previous studies (Lenzi et al. 2016; Ferese et al., 
2020), this step is recommended for antigen unmasking, 
while maintaining a good ultrastructural detail. This, in 
turn, allows a better visualization of immuno-gold parti-
cles located within a sharp cell context, which guarantee 
the count of immuno-gold particles within specific cell 
compartments. After washing in PBS, the grids were incu-
bated in a blocking solution containing 10% goat serum 
and 0.2% saponin in PBS for 20 min at 21 °C. Grids were 
then incubated with the primary antibody solution contain-
ing mouse monoclonal anti-SMI-32 antibody (Covance, 
Emeryville, CA, USA, diluted 1:20) or mouse monoclonal 
anti-SMN antibody (BD Bioscience, San José, CA, USA, 
diluted 1:20) with 0.2% saponin and 1% goat serum in PBS 
in a humidified chamber overnight, at 4 °C. After washing 
in PBS, grids were incubated with the secondary antibody 
conjugated with gold particles (20 nm mean diameter, for 
gold particle anti-mouse, BB International, Treviso, Italy), 
diluted 1:20 in PBS containing 0.2% saponin and 1% goat 
serum for 1 h at 21 °C. Control sections were incubated 
with the secondary antibody only. After rinsing in PBS, 
grids were incubated with 1% glutaraldehyde for 3 min, 
they were washed in distilled water to remove traces of 
salts and prevent precipitation of uranyl-acetate, and 

they were counterstained with a saturated solution in dis-
tilled water of uranyl acetate and lead citrate to be finally 
observed by using a Jeol JEM SX100 electron-microscope 
(Jeol, Tokyo, Japan).

Statistical analysis

For mitochondrial morphometry, values were expressed 
either using the absolute value or as a percentage of normal 
numerical distributions. Data are reported as the mean or the 
mean percentage ± S.E.M. Inferential statistics to compare 
groups was carried out using Student’s t test  (H0 probability 
was rejected when less than 5%, P ≤ 0.05).

Results

Muscle fiber architecture and sub‑cellular structures 
are altered in SMA

As shown in representative semi-thin micrographs from the 
gastrocnemius muscle of WT and SMA mice obtained at 
light microscopy (Fig. 1a, b), a severe disarrangement of 
muscle structure in SMA mice occurs compared with the 
well-aligned (parallel) and normal architecture of muscle 
fibers in WT mice. In fact, muscle from SMA mice (Fig. 1b) 
shows unparalleled and disarranged fibers and myofibrils, 
with an enlarged space among fibers. This contrasts with the 
longitudinal, regular, and parallel arrangement of aligned 
muscle fibers showing the typical banding pattern in WT 
mice, with visible nuclei at the periphery of the fibers 
(Fig. 1a). In these semi-thin sections, we could dissect the 
homogeneous segment to be analyzed under TEM (Fig. 1c, 
d).

When examined at TEM, muscle fibers from SMA mice 
(Fig. 1c) exhibit a severe loss of the normal sarcomere struc-
ture and regular sarcomeres’ alignment, to such an extent 
that muscle fibers are barely recognizable as composed of 
sarcomeric units. Instead, the increased distance between 
vestigial sarcomeres, which can be clearly appreciated by 
the naked eye in SMA compared with WT mice, is a witness 
of the severe disarrangement in SMA muscle fibers. This 
is evident in representative pictures of Fig. 1c, d, respec-
tively. In these same representative pictures, one can also 
appreciate the occurrence of a few, yet dramatically altered 
mitochondria within the muscle of SMA compared with 
WT mice. This was quantified by measuring the density of 
mitochondria along with the number of altered mitochondria 
in the muscle. Altered mitochondria were considered those 
featuring (1) significantly decreased electron density of the 
matrix (dilution, vacuolization, cavitation); (2) fragmented 
and ballooned cristae (intracristal swelling); (3) partial or 
complete separation of the outer and inner membranes; (4) 
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Fig. 1  Muscle fiber architecture and sub-cellular structures are altered 
in SMA compared with WT mice. a, b Representative pictures at 
light microscopy of methylene- and toluidine blue-stained semi-thin 
sections from gastrocnemius muscle in WT and SMA mice. WT mice 
a show a regular, longitudinal, and parallel arrangement of aligned 
muscle fibers with the typical banding pattern. Nuclei at the periph-
ery of the fibers are well visible. Muscle from SMA mice b shows 
unparalleled and disarranged fibers and myofibrils, with the space 
among fibers appearing enlarged (arrow). c, d Representative TEM 
micrographs of gastrocnemius muscle from WT and SMA mice. 
WT mice c show well-arranged myofibrils with the typical pattern 

of dark and light bands. No ultrastructural alterations are detected, 
and a geometrical alignment of sarcomeres is evident. Muscle from 
SMA mice d shows several disarranged areas with a significant 
increase in intersarcomeric area containing altered, swollen mito-
chondria (arrowhead). e, f Graphs report the amount of mitochondria 
expressed as mitochondrial density (number of mitochondria/μm2), 
and the number of altered mitochondria expressed as a percentage of 
total mitochondria in SMA and WT mice. Values are the mean num-
ber ± S.E.M. from 20 homogenous areas each measuring 6 μm2. Scale 
bar: a, b = 50 µm; c, d = 3.5 µm. *P ≤ 0.05 compared with WT.
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mitochondrial swelling. As shown in the graph of Fig. 1e, 
mitochondrial density is decreased by roughly twofold in the 
muscle of SMA compared with WT mice. Remarkably, most 
of the mitochondria (nearly 90%) detected in the muscle of 
SMA mice correspond to altered ones, as evident from the 
graph of Fig. 1f reporting the amount of altered mitochon-
dria in SMA compared with WT mice.

In representative pictures obtained at higher magnifica-
tion (Fig. 2a, b), one can clearly appreciate the dramatic 
mitochondrial and sarcoplasmic reticulum alterations occur-
ring in the muscle of SMA mice compared with WT mice. 
In fact, contrarily to the muscle fibers of WT mice (Fig. 2a) 
containing, well-shaped, healthy mitochondria and sarco-
plasmic reticula (concerning both arrangement of the cristae/

cisternae, and matrix electron density), muscle fibers of 
SMA mice (Fig. 2b) are impressively filled with aberrant, 
extremely swollen mitochondria with enlarged cristae, and 
sarcoplasmic reticulum with swollen cisternae. In order to 
quantify pathological mitochondrial swelling, which appears 
as an increase in mitochondrial size due to a swelling of the 
mitochondrial structure, ultrastructural morphometry con-
cerning the maximum and minimum mitochondrial diameter 
was applied. As shown in the graphs of Fig. 2c, d, a dramatic 
increase in both maximum and minimum mitochondrial 
diameter was measured in the muscle of SMA compared 
with WT mice, which is a witness of pathological mitochon-
drial swelling characterizing SMA muscle.

Fig. 2  Pathological mitochondrial swelling occurs in the muscle of 
SMA mice. a, b Representative TEM micrographs at higher magni-
fication showing mitochondria in gastrocnemius muscle from WT 
and SMA mice. WT mice a show a normal pattern of mitochondria 
(arrows). SMA mice b show altered, swollen mitochondria with 

enlarged cristae (asterisk). c, d Graphs report the maximum (c) and 
minimum (d) mitochondrial diameter measured within the muscle of 
SMA compared with WT mice. Values are the mean number ± S.E.M. 
of 50 mitochondria per mouse (500 mitochondria per group). Scale 
bar: a, b = 1 µm. *P ≤ 0.05 compared with WT
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In order to extend the characterization and the quantifica-
tion of altered mitochondria within the muscle of SMA com-
pared with WT mice, we analyzed the occurrence of parac-
rystalline inclusions (PCIs). As reported in representative 
TEM micrographs (Fig. 3a–c), these mitochondrial inclu-
sions are clearly detectable in the muscle of SMA, while 
they are totally absent in the WT mice. In fact, as reported 
in the graph (Fig. 3d), contrarily to the muscle fibers of WT 
mice, where PCIs were never detected, the mitochondria of 
the muscle of SMA were all filled with mitochondrial PCIs, 
which appear as rigid rectangular crystals approximately 
500 nm long, and 120 nm wide (Fig. 3c).

Muscle spindle fibers’ architecture is altered in SMA

Compared with WT mice (Fig. 4a, c) the intrafusal muscle 
fibers from SMA mice (Fig. 4b, d) are dramatically altered 
to the condition in which myofilaments are not recogniz-
able, and the capsule appears thickened with evident areas 
where disintegration has begun. At higher-magnification 
micrographs from WT mice (Fig. 4c), one can appreciate 
well-conformed fibers receiving axon terminals which are 
surrounded by a well-organized layer of sarcoplasm. This 
organization is completely lost in SMA mice, where anoma-
lous fibers with completely disarranged surrounding sarco-
plasm appear (Fig. 4d).

Distal axons feature loss of myelin sheath 
and clogging in SMA

The ultrastructural morphometry of distal axons reveals 
remarkable alterations consisting of myelin sheath disrup-
tion and axon clogging in SMA compared with WT mice. 
Representative TEM micrographs at high magnification pro-
vide a clear perspective of both myelin sheath disruption 
axonal clogging (Figs. 5a, b). The normal axonal constitu-
ents observed in WT mice, including neurofilaments and 
healthy mitochondria (Fig. 5a), are no longer distinguishable 
within SMA mice axons (Fig. 5b). The myelin sheath also 
seems to intrude the axoplasm, aside from it being markedly 
altered. The axoplasm of distal axons from SMA mice is 
entirely jammed by abnormal, amorphous structures with 
enhanced electron-density, including neurofilaments and 
altered mitochondria. This was confirmed by mitochondrial 
morphometry indicating a dramatic reduction in the number 
of mitochondria in SMA mice, most of which correspond to 
altered mitochondria (graphs of Fig. 5c, d). This was con-
firmed when assessing mitochondrial swelling by measuring 
the maximum and minimum mitochondrial diameter, which 
is dramatically increased in SMA compared with WT mice 
(graphs of Fig. 5e, f). This witnesses for pathological mito-
chondrial alterations, which characterize both the muscle 
and distal axons of SMA mice.

The axonal inclusions observed here, while being 
largely reminiscent of what we previously described in the 
G93A mouse model of ALS, are likely to produce deleteri-
ous effects concerning the physiology of axonal transport 
(Magrané et al. 2012, 2014; Natale et al. 2015). Decreased 
mitochondrial transport associated with cytoskeletal 
changes and/or impaired removal of altered mitochondria 
(mitophagy) and biogenesis of novel ones (mitobiogenesis) 
may similarly contribute to early pathological changes in 
axons and muscles of ALS and SMA (Wen et al. 2010; 
Natale et al. 2015; Ripolone et al. 2015; Xu et al. 2016). This 
may be also due to indirect effects of SMN on mitochondrial 
function, possibly by affecting the splicing, translation, or 
mRNA transport of genes required for mitochondrial homeo-
stasis and transport (Acsadi et al. 2009; Natale et al. 2015; 
Xu et al. 2016).

Neuromuscular junction (NMJ) architecture 
is altered in SMA

The fine structure of NMJ from WT mice appeared well 
conformed and mitochondria and cytoplasmic structures 
were distinguishable (Figs. 6a, 7a). In contrast, NMJ from 
SMA mice featured ultrastructural alterations, which may 
vary from a slight derangement of cytoplasmic structures up 
to a completely loss of architecture (Figs. 6b, 7b). This, in 
turn, further substantiates the remarkable and multiple mor-
phological alterations occurring in SMA III compared with 
WT. In particular, swollen NMJ showed amorphous material 
containing vestigial mitochondria and massive neurofilament 
accumulation, as evidenced by the intense SMI-32 stain-
ing (Fig. 6b, c). Conversely, SMN immuno-gold particles 
were scarcely and randomly placed within NMJ from SMA 
mice compared with WT (Fig. 7), as expected by this double 
transgenic mouse model of SMA III, in which SMN protein 
levels are barely detectable compared with the homozygous 
strain. When detailing the ultrastructural alterations occur-
ring in NMJ of SMA mice, morphological mitochondrial 
defects were also evident. In detail, mitochondrial morpho-
metry demonstrated a severe reduction in the number of 
mitochondria in SMA mice, along with increase in the per-
centage of altered mitochondria (Fig. 8a, b), as demonstrated 
by the significant increase both in maximum and minimum 
diameter (Fig. 8c, d) compared with WT mice.

The ultrastructure of motor neurons and proximal 
axons is well‑ preserved despite SMI‑32 
accumulation in SMA

Surprisingly, the ultrastructure of both motor neurons in the 
anterior horn and proximal axons from SMA mice (Fig. 9b, 
d) appears largely preserved, resembling that of WT mice 
(Fig. 9a, c). Similar to WT mice, the nucleus in the perikarya 
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Fig. 3  Representative TEM micrographs of mitochondrial paracrys-
talline inclusions (PCIs) occurring in the muscle of SMA mice. a, 
b Representative TEM micrographs showing mitochondrial parac-
rystalline inclusions (PCIs) in gastrocnemius muscle from WT and 
SMA mice. While PCIs are totally absent in the WT mouse (a), the 
mitochondria of the muscle from SMA mouse (b) were all filled with 

these rigid, rectangular, and electron-dense crystals (c). The graph 
d reports the percentage of mitochondria containing PCIs measured 
within the muscle of SMA compared with WT mice. Values are the 
mean percentage ± S.E.M. from 20 homogenous areas each measur-
ing 6 μm2. Scale bar: a, b = 1 µm; c = 0.14 µm. *P ≤ 0.05 compared 
with WT
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of SMA mice is not condensed and the nucleolus is well evi-
dent (Fig. 9a, b). At higher magnification, one can appreciate 
how the myelin sheath is well-organized and both perikar-
yon and axoplasm possess well-shaped and regularly sized 
mitochondria in both WT and SMA mice (Fig. 9c, d). This 
contrasts dramatically with the impressive loss of muscle 
structure and distal axon architectural disruption, includ-
ing mitochondrial damage, which was observed in these 
SMA mice. These findings were quite unexpected since the 
gross morphology of MNs in these same mice, as assessed 
in our previous studies, appeared largely heterotypic, often 
enlarged and hyperchromatic, with intensely basophilic 
cytoplasm and nucleus (Fulceri et al. 2012; Biagioni et al. 
2017). Instead, the well-preserved ultrastructure observed 
here seems to rule out overt pathological changes in spared 
MNs and proximal axons, contrasting markedly with the 
dramatic ultrastructural alterations which characterize the 
muscle, muscle spindle, and distal axons.

In order to check whether a peripheral clogging may gen-
erate an upstream accumulation of neurofilament proteins 
even in the absence of substantial morphological damage, 

the ultrastructure of the ventral root was analyzed. In fact, if 
a peripheral clogging exists this may block the axonal flow. 
In turn, this is expected to be slowed down even upstream, 
up to the ventral root. If this is the case, one should expect an 
accumulation of the SMI-32 protein in SMA III mice, which 
did not occur in WT. Consistently, we demonstrated that in 
SMA III mice the amount of SMI-32 protein, even upstream 
at the level of the ventral root, was higher compared with 
WT mice (Fig. 10). Of course a reduction in SMN was con-
firmed even at this level, according to the marked deficiency 
which is produced in the disease in knockout double trans-
genic SMA III mouse model (Fig. 11).

Discussion

In the present study, we provided ultrastructural evidence 
that is consistent with peripheral denervation in slow pro-
gressive SMA. This is confirmed by a disruption of muscle 
fiber architecture and distal axonal clogging, which occurs 
in the absence of overt alterations in the ultrastructure of 

Fig. 4  Representative TEM micrographs of muscle spindle from WT 
and SMA mice. a, c Representative TEM micrographs from WT 
mice showing muscle spindles with normal ultrastructure, concerning 
both intrafusal fibers with well-organized myofilaments, and regular 
capsule. At higher-magnification micrographs, one can appreciate 
well-conformed fibers receiving axon terminals (asterisk), which are 

surrounded by a well-organized layer of sarcoplasm. b, d Representa-
tive TEM micrographs from SMA mice showing dramatically altered 
muscle spindle architecture. Myofilaments are not recognizable, the 
capsule is thickened or disintegrated (arrow), and anomalous fibers 
with completely disarranged surrounding sarcoplasm appear. Scale 
bar: a, b = 18 µm; c, d = 3.5 µm
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Fig. 5  Representative electron micrographs of distal axons in WT and 
SMA mice. a Electron micrograph of cross-sections of myelinated 
axons from WT mice showing well-confirmed and organized myeli-
nated sheath with axons lacking any obstructive materials within the 
axoplasm. A well-organized cytoplasm and healthy mitochondria are 
distinguishable in the axoplasm (arrows). b Electron micrograph of 
cross-sections of myelinated axons from SMA mice. In SMA mice, 
an abnormal, disrupted myelin sheath occurs, which appears to 
intrude the axoplasm. Electron-dense, heterogeneous structures, clog-

ging the axonal lumen are present within the axoplasm of distal axons 
(asterisk), including altered mitochondria (arrow). c–f Graphs report 
the number of mitochondria in the distal axons, the percentage of 
altered mitochondria, and the maximum and minimum mitochondria 
diameter, respectively. Values are the mean number ± S.E.M. from 20 
distal axons per mouse (200 axons per group, c, d); Values are the 
mean number ± S.E.M. of 50 mitochondria per mouse (500 mitochon-
dria per group, e, f). Scale bar: a, b = 1 µm. *P ≤ 0.05 compared with 
WT
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proximal axons and motor neurons in the SMA III mouse 
model. Again, distal axons feature remarkable alterations 
in myelin sheath and clogging of axoplasm by abnormal, 
amorphous structures, including intrusions of the myelin 
sheath itself, electron-dense material as well as abnormal 
mitochondria. Based on these observation, one should 
expect an alteration of nerve conduction velocity (NCV). 
However, previous electrophysiological studies, both in 
mouse models and humans, indicate that alteration of NCV 
is not a feature of type III SMA (Ryniewicz 1977; Schwartz 
and Moosa 1977; Monani et al. 2003). In fact, as reported 
by Monani et al. (2003), there is no significant difference 
between type III SMA mice and age-matched controls when 

analyzing motor NCVs of the tibial nerve. This may be due 
to the very distal site (placed within the muscle), which are 
altered in the nerve. In fact, albeit the conduction veloc-
ity was not altered the amplitude of the electric potential 
at the level of the muscle was significantly decreased. This 
seems to be confirmed in the present study by a slight mor-
phological alteration in the proximal nerve fibers compared 
with the extensively altered axoplasm within muscle nerve 
terminals. Remarkable ultrastructural alterations also occur 
in the muscle spindles of these mice, especially concerning 
intrafusal fibers and nerve terminals, whereby the normal 
architectural organization is completely disrupted compared 
with WT mice. Our data are in line with evidence indicating 

Fig. 6  Representative localization of SMI-32 in neuromuscular 
junction (NMJ) in WT and SMA mice. Electron micrograph from 
WT mouse a showing a normal, well conformed NMJ. SMI-32 
immuno-gold particles (arrows) are barely detectable within the a 
well-organized cytosol. b In SMA mouse, the normal NJM architec-
ture is completely lost and sub-cellular compartments are no longer 

distinguishable, while a strong SMI-32 immuno-gold staining is evi-
dent (arrows). The graph c reports the number of SMI-32 immuno-
gold particles in SMA and WT mice. Values are the mean num-
ber ± S.E.M. of 10 NMJ per mouse (100 NMJ per group). Scale bar: 
a, b = 0.3 µm. *P ≤ 0.05 compared with WT. M mitochondria



783Ultrastructural characterization of peripheral denervation in a mouse model of Type III spinal…

1 3

that neuromuscular disorders feature an early, peripheral 
axonopathy involving sensory and/or motor fibers, whereby 
the communication between the muscle and central nervous 
system is no longer effective. The dramatic clogging of distal 
axons by aberrant mitochondria and amorphous structures 
documented here along with the remarkable mitochondrial 
alterations quantified within the muscle of SMA mice are a 
witness of potential defects in transport mechanisms, which 
are known to occur in both ALS and SMA (Wen et al. 2010; 
Natale et al. 2015; Xu et al. 2016; Limanaqi et al. 2017).

In line with our observations, a general consensus is now 
emerging that NMJ breakdown is an early event in SMA 
pathogenesis, which may contribute to muscle denervation, 
progressive MN loss, and motor symptom onset. This is 
bound to (1) the lack of SMN protein, which besides MNs, 

is critical for the homeostasis of NMJ synapses, sensory and 
motor axons, and muscles, and/or, (2) impairment of retro-
grade signals or transport mechanisms from NMJs (Rajendra 
et al. 2007; Bowerman et al. 2012; Bottai and Adami 2013; 
Boido and Vercelli 2016). Consistent with our morphologi-
cal evidence on muscle and peripheral axonal changes, sev-
eral alterations have been described at the peripheral level in 
both SMA models and patients, which can be crucial players 
of MNs alterations. In SMA animal models, earliest detecta-
ble pathological changes are observed at the NMJs and mus-
cle, which are followed, only at later time points, by motor 
neuronal loss (Mutsaers et al. 2011; Sleigh et al. 2011; Ling 
et al. 2012; Fayzullina and Martin 2014). The mechanisms 
through which NMJ defects may contribute to MNs loss 
and motor symptoms onset include a variety of phenomena. 

Fig. 7  Representative localization of SMN in neuromuscular junction 
(NMJ) in WT and SMA mice. Electron micrograph of NMJ from WT 
mouse a showing numerous SMN immuno-gold particles (arrows). b 
Only few SMN immuno-gold particles (arrows) are detected in NMJ 

from SMA mouse. c The graph reports the number of SMN immuno-
gold particles in SMA and WT mice. Values are the mean num-
ber ± S.E.M. of 10 NMJ per mouse (100 NMJ per group). Scale bar: 
a, b = 0.6 µm. *P ≤ 0.05 compared with WT. M mitochondria
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These consist of impaired release of neurotrophic factors, 
neurofilament buildup, and poor axonal sprouting, reduced 
terminal arborization, disruption in synaptic vesicle release, 
aberrant expression of synaptic proteins, delayed post-syn-
aptic maturation, muscle denervation, defects in motor neu-
ron excitability due to altered  Ca2+ homeostasis, and loss of 
Schwann cells leading to defects in endplate remodeling and 
nerve-directed maturation of acetylcholine receptor (AChR) 
clustering (Cifuentes-Diaz et al. 2002; Jablonka et al. 2006, 
2007; Rajendra et al. 2007; Kariya et al. 2008; Kong et al. 
2009; Ling et al. 2010, 2012; Ruiz et al. 2010; Torres-Benito 
et al. 2011; Murray et al. 2012; Shababi et al. 2014).

Aberrant ultrastructure of NMJs and delayed matura-
tion of myotubes have also been reported in human prenatal 

specimens from SMA fetuses (Martinez-Hernandez et al. 
2009, 2013). Features of neurogenic atrophy are also evi-
dent from skeletal muscle biopsy in SMA I patient (Thiru-
navukkarasu et al. 2020). Remarkably, within muscles from 
SMA I-III patients, mitochondrial damage and impaired 
mitochondrial biogenesis have been documented (Ripolone 
et al. 2015). This is evident by the occurrence of a few, 
altered mitochondria reminiscent of our present observa-
tions. Again, SMA patient-derived muscle cells and MNs 
from induced pluripotent stem cells (iPSCs) are impaired 
to form NMJs due to AChR clustering defects (Arnold et al. 
2004; Yoshida et al. 2015). Thus, formation and mainte-
nance of NMJs and muscle may precede the occurrence of 
MN death in SMA, which suggests that the vulnerability of 

Fig. 8  Ultrastructural morphometry of mitochondria in neuromuscu-
lar junction (NMJ) in WT and SMA mice. Graphs report the number 
of mitochondria (a), the percentage of altered mitochondria (b), and 
the maximum and minimum mitochondria diameter (c, d, respec-

tively) in NMJ from WT and SMA mice. Values are the mean num-
ber ± S.E.M. from 10 NMJ per mouse (100 NMJ per group, a, c, d); 
values are the mean percentage ± S.E.M. of 10 NMJ per mouse (100 
NMJ per group, b). *P ≤ 0.05 compared with WT
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MNs is due to both autonomous cell susceptibility to various 
stresses, and even early peripheral defects contributing first 
to muscle denervation and then, a loss of MNs (Fidziańska 
and Rafalowska 2002; Fischer et al. 2004; Wadman et al. 
2012).

Similar to what was reported for ALS models, early 
abnormalities in the sensory, mostly proprioceptive cir-
cuit, play a key role in determining altered MN excitability, 
up to MN loss, and motor system defects in SMA models 
(Jablonka et al. 2006; Ling et al. 2010; Mentis et al. 2011; 
Imlach et al. 2012; Lalancette-Hebert et al. 2016; Fletcher 

et al. 2017; Limanaqi et al. 2017). In detail, MN loss in SMA 
mice follows afferent synapse loss with a precise tempo-
ral and topographical pattern (Mentis et al. 2011). At early 
disease stages, SMA motor neurons show reduced proprio-
ceptive reflexes that correlate with decreased number and 
function of synapses on motor neuron innervating proximal 
hindlimb muscles and medial motor neurons innervating 
axial muscles. At later time points, this extends to motor 
neurons innervating distal hindlimb muscles. This may be 
partly related to SMN deficiency in proprioceptive synapses, 

Fig. 9  Representative TEM micrographs of the lumbar spinal cord, 
lamina IX, from WT and SMA mice. a, c Regular ultrastructure of 
motor neurons and proximal axons in WT mice, featuring well-evi-
dent nucleolus, well-organized myelin sheath, as well as regularly 
sized and well-shaped mitochondria within the cytoplasm and axo-

plasm. b, d Preserved ultrastructure of motor neurons and proximal 
axons in SMA mice overlapping with that of WT mice, concerning 
well-organized myelin sheath, and healthy mitochondria within the 
cytoplasm and axoplasm. Scale bar: a, b = 5  µm; c, d = 0.4  µm. N 
nucleus
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though the precise molecular mechanisms remain to be elu-
cidated (Fletcher et al. 2017).

The neuromuscular reflex arc, or gamma loop, which 
integrates the proprioceptive information for muscle length 
and activity to modify motor neuron output and muscle con-
traction, is emerging as a key to understanding neuromus-
cular deficits in diseases such as ALS and SMA (Limanaqi 
et al. 2017; Vukojicic et al. 2019). The sensory portion of 
the arc is composed of proprioceptive neurons and fibers, 
which convey information from the equatorial region of 
intrafusal fibers of the muscle spindle towards α-MNs within 
the ventral horn of the spinal cord. The polar regions of 
intrafusal fibers are instead innervated by γ-MNs that regu-
late intrafusal fiber stretch so that they retain proper tension 

and sensitivity during muscle contraction or relaxation. 
This is seminal to maintain the sensitivity of propriocep-
tion during dynamic muscle activity and to prevent muscular 
damage. It is remarkable that, in contrast to γ-MNs being 
largely spared in murine models of both ALS and SMA, 
α-MNs and proprioceptive fibers seem to be mostly vulner-
able (Lalancette-Hebert et al. 2016; Powis and Gillingwater 
2016; Falgairolle and O’Donovan 2020). This is not sur-
prising if one considers that contrarily to γ-MNs, α-MNs 
receive direct, monosynaptic input from proprioceptive 
fibers, which may be early affected in neuromuscular dis-
ease. Thus, impaired proprioception is expected to reduce 
α-MN firing ability, with a compensatory increase of γ-MN 
firing, which may, in turn, contribute to deficits in muscle 

Fig. 10  Representative localization of SMI-32 in the ventral root of 
the lumbar spinal cord from WT and SMA mice. Electron micro-
graph of cross-section of the ventral root of the lumbar spinal 
cord from WT mouse a showing few SMI-32 immuno-gold par-
ticles (arrows). b A large amount of SMI-32 immuno-gold par-

ticles (arrows) are detected in the ventral root of the lumbar spinal 
cord from SMA mouse. c The graph reports the number of SMI-32 
immuno-gold particles in SMA and WT mice. Values are the mean 
number ± S.E.M. of 200 axons of the ventral root per group. Scale 
bar: a, b = 0.2 µm. *P ≤ 0.05 compared with WT
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contraction and limb movement (Fletcher et al. 2017; Lalan-
cette-Hebert et al. 2016; Limanaqi et al. 2017). At present, 
it cannot be ruled out that the marked ultrastructural altera-
tions that we observe at the distal axonal level in the SMA 
III mouse, may apply to sensory, besides motor fibers, which 
would require dedicated studies to be confirmed. However, 
this may be the case if one considers that impaired proprio-
ception is also associated with an altered muscle spindle 
morphology, which is indeed documented here for the first 
time in SMA III, confirming what previously described 
in both ALS and SMA I (Kararizou et al. 2006; Limanaqi 
et al. 2017; Kröger and Watkins 2021). Morphological and 

morphometric evidence from SMA I patients’ biopsies indi-
cates that the muscle spindle may be a critical player in the 
pathophysiology of SMA (Kararizou et al. 2006). In detail, 
the overall ultrastructure and the area of the muscle spindle, 
along with the diameter of the intrafusal fibers, and the mean 
area of nuclei of the intrafusal fibers are reduced, while the 
thickness of the capsule is increased in SMA patients com-
pared with controls (Kararizou et al. 2006). This overlaps 
with what we observed here in the SMA III mice, whereby 
intrafusal fibers are altered to the condition in which myo-
filaments are not recognizable, and the capsule appears 
thickened with evident areas of disintegration.

Fig. 11  Representative localization of SMN in the ventral root of the 
lumbar spinal cord from WT and SMA mice. Electron micrograph of 
cross-section of the ventral root of the lumbar spinal cord from WT 
mouse a showing numerous SMN immuno-gold particles (arrows). 
b Only few SMN immuno-gold particles (arrows) are detected in the 

ventral root of the lumbar spinal cord from SMA mouse. c The graph 
reports the number of SMN immuno-gold particles in SMA and WT 
mice. Values are the mean number ± S.E.M. of 200 axons of the ven-
tral root per group. Scale bar: a, b = 0.2 µm. *P ≤ 0.05 compared with 
WT
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In conclusion, our observations confirm a seminal role for 
peripheral alterations in SMA pathogenesis, shifting the ulti-
mate anatomical target in type III SMA from the spinal cord 
to the muscular endplate. Obviously, our morphological data 
call for further molecular studies which are expected to con-
firm potential triggers in SMA pathogenesis. As a future per-
spective, immunocytochemical studies investigating SMN 
occurrence in peripheral compartments besides MNs may 
be key to unravel any potential correlations between SMN 
levels and disease progression. This may apply beyond SMA 
since SMN protein levels are critical in other neuromuscular 
disorders including ALS (Veldink et al. 2005). In this frame, 
it would be interesting to investigate the disease-modifying 
effects of compounds, which are known to increase SMN 
levels while preventing both motor neuron loss, and motor 
impairment associated with mitochondriopathy and axon 
clogging in ALS and SMA models (Feng et al. 2008; For-
nai et al. 2008a, b; Harahap et al. 2012; Natale et al. 2015; 
Biagioni et al. 2017).

Author contributions Conceptualization, FF; methodology and investi-
gation, FF and PL; validation, FF, FL, FB, and CLB; data curation, FF, 
FL, and PL; writing—original draft preparation, FL; writing—review 
and editing, FL, FB, CLB and LR; visualization, FF, FL, PL, and FF; 
supervision, FF; funding acquisition, FB and FF. All authors have read 
and agreed to the published version of the manuscript.

Funding Open access funding provided by Università di Pisa within 
the CRUI-CARE Agreement. This work was funded by a grant from 
Ministero della Salute (Ricerca Corrente 2021 to I.R.C.C.S. Neuromed, 
Pozzilli) and University of Pisa (Funds from Dept. of Translational 
Research and New Technologies in Medicine and Surgery).

Declarations 

Conflict of interest The authors declare no conflict of interest.

Data availability statement Data supporting reported results can be 
found in an on-line repos-itory which can be provided upon request to 
the corresponding author.

Institutional review board statement The study was conducted accord-
ing to the Guidelines of the European Council (86/609/EEC) for the 
use and care of laboratory animals and it was approved by the local 
Ethical Committee and by the Ministry of Health (Protocol Number 
N46/2017-PR Prot. D41337).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Acsadi G, Lee I, Li X, Khaidakov M, Pecinova A, Parker GC, Hutte-
mann M (2009) Mitochondrial dysfunction in a neural cell model 
of spinal muscular atrophy. J Neurosci Res 87:2748–2756

Arnold AS, Gueye M, Guettier-Sigrist S, Courdier-Fruh I, Coupin 
G, Poindron P, Gies JP (2004) Reduced expression of nicotinic 
AChRs in myotubes from spinal muscular atrophy I patients. Lab 
Invest 84:1271–1278. https:// doi. org/ 10. 1038/ labin vest. 37001 63

Arnold WD, Kassar D, Kissel JT (2015) Spinal muscular atrophy: 
Diagnosis and management in a new therapeutic era. Muscle 
Nerve 51:157–167. https:// doi. org/ 10. 1002/ mus. 24497

Biagioni F, Ferrucci M, Ryskalin L, Fulceri F, Lazzeri G, Calierno 
MT, Busceti CL, Ruffoli R, Fornai F (2017) Protective effects of 
long-term lithium administration in a slowly progressive SMA 
mouse model. Arch Ital Biol 155:118–130. https:// doi. org/ 10. 
12871/ 00039 82920 1749

Boido M, Vercelli A (2016) Neuromuscular junctions as key contrib-
utors and therapeutic targets in spinal muscular atrophy. Front 
Neuroanat 10:6. https:// doi. org/ 10. 3389/ fnana. 2016. 00006

Bottai D, Adami R (2013) Spinal muscular atrophy: new findings 
for an old pathology. Brain Pathol 23:613–622. https:// doi. org/ 
10. 1111/ bpa. 12071

Bowerman M, Murray LM, Beauvais A, Pinheiro B, Kothary R 
(2012) A critical smn threshold in mice dictates onset of an 
intermediate spinal muscular atrophy phenotype associated with 
a distinct neuromuscular junction pathology. Neuromuscul Dis-
ord 22:263–276. https:// doi. org/ 10. 1016/j. nmd. 2011. 09. 007

Campbell L, Potter A, Ignatius J, Dubowitz V, Davies K (1997) 
Genomic variation and gene conversion in spinal muscular atro-
phy: implications for disease process and clinical phenotype. 
Am J Hum Genet 61:40–50. https:// doi. org/ 10. 1086/ 513886

Chaytow H, Huang YT, Gillingwater TH, Faller KME (2018) The 
role of survival motor neuron protein (SMN) in protein homeo-
stasis. Cell Mol Life Sci 75:3877–3894. https:// doi. org/ 10. 1007/ 
s00018- 018- 2849-1

Cifuentes-Diaz C, Nicole S, Velasco ME, Borra-Cebrian C, Pan-
ozzo C, Frugier T, Millet G, Roblot N, Joshi V, Melki J (2002) 
Neurofilament accumulation at the motor endplate and lack of 
axonal sprouting in a spinal muscular atrophy mouse model. 
Hum Mol Genet 11:1439–1447. https:// doi. org/ 10. 1093/ hmg/ 
11. 12. 1439

Dupuis L, Echaniz-Laguna A (2010) Skeletal muscle in motor neuron 
diseases: therapeutic target and delivery route for potential treat-
ments. Curr Drug Targets 11:1250–1261. https:// doi. org/ 10. 2174/ 
13894 50111 00701 1250

Edens BM, Ajroud-Driss S, Ma L, Ma YC (2015) Molecular mecha-
nisms and animal models of spinal muscular atrophy. Biochim 
Biophys Acta 1852:685–692. https:// doi. org/ 10. 1016/j. bbadis. 
2014. 07. 024

Falgairolle M, O’Donovan MJ (2020) Motoneuronal spinal circuits 
in degenerative motoneuron disease. Front Mol Neurosci 13:74. 
https:// doi. org/ 10. 3389/ fnmol. 2020. 00074

Farrar MA, Kiernan MC (2015) The genetics of spinal muscular atro-
phy: progress and challenges. Neurotherapeutics 12:290–302. 
https:// doi. org/ 10. 1007/ s13311- 014- 0314-x

Fayzullina S, Martin LJ (2014) Skeletal muscle DNA damage precedes 
spinal motor neuron DNA damage in a mouse model of spinal 
muscular atrophy (SMA). PLoS ONE 9:e93329. https:// doi. org/ 
10. 1371/ journ al. pone. 00933 29

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/labinvest.3700163
https://doi.org/10.1002/mus.24497
https://doi.org/10.12871/00039829201749
https://doi.org/10.12871/00039829201749
https://doi.org/10.3389/fnana.2016.00006
https://doi.org/10.1111/bpa.12071
https://doi.org/10.1111/bpa.12071
https://doi.org/10.1016/j.nmd.2011.09.007
https://doi.org/10.1086/513886
https://doi.org/10.1007/s00018-018-2849-1
https://doi.org/10.1007/s00018-018-2849-1
https://doi.org/10.1093/hmg/11.12.1439
https://doi.org/10.1093/hmg/11.12.1439
https://doi.org/10.2174/1389450111007011250
https://doi.org/10.2174/1389450111007011250
https://doi.org/10.1016/j.bbadis.2014.07.024
https://doi.org/10.1016/j.bbadis.2014.07.024
https://doi.org/10.3389/fnmol.2020.00074
https://doi.org/10.1007/s13311-014-0314-x
https://doi.org/10.1371/journal.pone.0093329
https://doi.org/10.1371/journal.pone.0093329


789Ultrastructural characterization of peripheral denervation in a mouse model of Type III spinal…

1 3

Feng HL, Leng Y, Ma CH, Zhang J, Ren M, Chuang DM (2008) 
Combined lithium and valproate treatment delays disease onset, 
reduces neurological deficits and prolongs survival in an amyo-
trophic lateral sclerosis mouse model. Neuroscience 155:567–572. 
https:// doi. org/ 10. 1016/j. neuro scien ce. 2008. 06. 040

Ferese R, Lenzi P, Fulceri F, Biagioni F, Fabrizi C, Gambardella S, 
Familiari P, Frati A, Limanaqi F, Fornai F (2020) Quantitative 
ultrastructural morphometry and gene expression of mTOR-
related mitochondriogenesis within glioblastoma cells. Int J Mol 
Sci 21:4570. https:// doi. org/ 10. 3390/ ijms2 11345 70

Ferrucci M, Spalloni A, Bartalucci A, Cantafora E, Fulceri F, Nutini 
M, Longone P, Paparelli A, Fornai F (2010) A systematic study 
of brainstem motor nuclei in a mouse model of ALS, the effects 
of lithium. Neurobiol Dis 37:370–383. https:// doi. org/ 10. 1016/j. 
nbd. 2009. 10. 017

Fidziańska A, Rafalowska J (2002) Motoneuron death in normal and 
spinal muscular atrophy-affected human fetuses. Acta Neuropathol 
104:363–368. https:// doi. org/ 10. 1007/ s00401- 002- 0566-0

Fischer LR, Culver DG, Tennant P, Davis AA, Wang M, Castellano-
Sanchez A, Khan J, Polak MA, Glass JD (2004) Amyotrophic 
lateral sclerosis is a distal axonopathy: evidence in mice and 
man. Exp Neurol 185:232–240. https:// doi. org/ 10. 1016/j. expne 
urol. 2003. 10. 004

Fletcher EV, Simon CM, Pagiazitis JG, Chalif JI, Vukojicic A, Drobac 
E, Wang X, Mentis GZ (2017) Reduced sensory synaptic excita-
tion impairs motor neuron function via Kv2.1 in spinal muscular 
atrophy. Nat Neurosci 20:905–916. https:// doi. org/ 10. 1038/ nn. 
4561

Fornai F, Longone P, Cafaro L, Kastsiuchenka O, Ferrucci M, Manca 
ML, Lazzeri G, Spalloni A, Bellio N, Lenzi P, Modugno N, 
Siciliano G, Isidoro C, Murri L, Ruggieri S, Paparelli A (2008a) 
Lithium delays progression of amyotrophic lateral sclerosis. Proc 
Natl Acad Sci USA 105:2052–2057. https:// doi. org/ 10. 1073/ pnas. 
07080 22105

Fornai F, Longone P, Ferrucci M, Lenzi P, Isidoro C, Ruggieri S, 
Paparelli A (2008b) Autophagy and amyotrophic lateral sclerosis: 
the multiple roles of lithium. Autophagy 4:527–530. https:// doi. 
org/ 10. 4161/ auto. 5923

Fornai F, Ferrucci M, Lenzi P, Falleni A, Biagioni F, Flaibani M, Sicili-
ano G, Giannessi F, Paparelli A (2014) Plastic changes in the spi-
nal cord in motor neuron disease. Biomed Res Int 2014:670–756. 
https:// doi. org/ 10. 1155/ 2014/ 670756

Fulceri F, Bartalucci A, Paparelli S, Pasquali L, Biagioni F, Ferrucci 
M, Ruffoli R, Fornai F (2012) Motor neuron pathology and behav-
ioral alterations at late stages in a SMA mouse model. Brain Res 
1442:66–75. https:// doi. org/ 10. 1016/j. brain res. 2011. 12. 056

Gavrilina TO, McGovern VL, Workman E, Crawford TO, Gogliotti 
RG, DiDonato CJ, Monani UR, Morris GE, Burghes AH (2008) 
Neuronal SMN expression corrects spinal muscular atrophy in 
severe SMA mice while muscle-specific SMN expression has no 
phenotypic effect. Hum Mol Genet 17:1063–1075. https:// doi. org/ 
10. 1093/ hmg/ ddm379

Ghadially FN (1988) Ultrastructural pathology of the cell and matrix, 
3rd edn. Butterworths, London, Boston, Singapore, Sydney, 
Toronto, Wellington

Giavazzi A, Setola V, Simonati A, Battaglia G (2006) Neuronal-specific 
roles of the survival motor neuron protein: evidence from survival 
motor neuron expression patterns in the developing human central 
nervous system. J Neuropathol Exp Neurol 65:267–277. https:// 
doi. org/ 10. 1097/ 01. jnen. 00002 05144. 54457. a3

Hammersen F, Gidlöf A, Larsson J, Lewis DH (1980) The occurrence 
of paracrystalline mitochondrial inclusions in normal human 
skeletal muscle. Acta Neuropathol 49(1):35–41. https:// doi. org/ 
10. 1007/ BF006 92217

Harahap IS, Saito T, San LP, Sasaki N, Gunadi Nurputra DK, Yusoff 
S, Yamamoto T, Morikawa S, Nishimura N (2012) Valproic 

acid increases SMN2 expression and modulates SF2/ASF and 
hnRNPA1 expression in SMA fibroblast cell lines. Brain Dev 
34:213–222. https:// doi. org/ 10. 1016/j. brain dev. 2011. 04. 010

Hebert MD, Szymczyk PW, Shpargel KB, Matera AG (2001) Coilin 
forms the bridge between Cajal bodies and SMN, the spinal mus-
cular atrophy protein. Genes Dev 15:2720–2729. https:// doi. org/ 
10. 1101/ gad. 908401

Hsieh-Li HM, Chang JG, Jong YJ, Wu MH, Wang NM, Tsai CH, Li 
H (2000) A mouse model for spinal muscular atrophy. Nat Genet 
24:66–70. https:// doi. org/ 10. 1038/ 71709

Imlach WL, Beck ES, Choi BJ, Lotti F, Pellizzoni L, McCabe BD 
(2012) SMN is required for sensory-motor circuit function in 
Drosophila. Cell 151:427–439. https:// doi. org/ 10. 1016/j. cell. 
2012. 09. 011

Jablonka S, Karle K, Sandner B, Andreassi C, von Au K, Sendtner M 
(2006) Distinct and overlapping alterations in motor and sensory 
neurons in a mouse model of spinal muscular atrophy. Hum Mol 
Genet 15:511–518. https:// doi. org/ 10. 1093/ hmg/ ddi467

Jablonka S, Beck M, Lechner BD, Mayer C, Sendtner M (2007) 
Defective Ca2+ channel clustering in axon terminals disturbs 
excitability in motoneurons in spinal muscular atrophy. J Cell 
Biol 179:139–149. https:// doi. org/ 10. 1083/ jcb. 20070 3187

Kararizou E, Manta P, Kalfakis N, Gkiatas K, Vassilopoulos D 
(2006) Morphological and morphometrical study of human 
muscle spindles in Werdnig–Hoffmann disease (infantile spinal 
muscular atrophy type I). Acta Histochem 108:265–169. https:// 
doi. org/ 10. 1016/j. acthis. 2006. 03. 020

Kariya S, Park GH, Maeno-Hikichi Y, Leykekhman O, Lutz C, Arko-
vitz MS, Landmesser LT, Monani UR (2008) Reduced SMN 
protein impairs maturation of the neuromuscular junctions in 
mouse models of spinal muscular atrophy. Hum Mol Genet 
17:2552–2569. https:// doi. org/ 10. 1093/ hmg/ ddn156

Kong L, Wang X, Choe DW, Polley M, Burnett BG, Bosch-Marcé 
M, Griffin JW, Rich MM, Sumner CJ (2009) Impaired synaptic 
vesicle release and immaturity of neuromuscular junctions in 
spinal muscular atrophy mice. J Neurosci 29:842–851. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 4434- 08. 2009

Kröger S, Watkins B (2021) Muscle spindle function in healthy and 
diseased muscle. Skelet Muscle 11:3. https:// doi. org/ 10. 1186/ 
s13395- 020- 00258-x

Lalancette-Hebert M, Sharma A, Lyashchenko AK, Shneider NA 
(2016) Gamma motor neurons survive and exacerbate alpha 
motor neuron degeneration in ALS. Proc Natl Acad Sci USA 
113:E8316–E8325. https:// doi. org/ 10. 1073/ pnas. 16052 10113

Lefebvre S, Sarret C (2020) Pathogenesis and therapeutic targets 
in spinal muscular atrophy (SMA). Arch Pediatr 27:7S3-7S8. 
https:// doi. org/ 10. 1016/ S0929- 693X(20) 30269-4

Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viol-
let L, Benichou B, Cruaud C, Millasseau P, Zeviani M et al 
(1995) Identification and characterization of a spinal muscular 
atrophy-determining gene. Cell 80:155–165. https:// doi. org/ 10. 
1016/ 0092- 8674(95) 90460-3

Lefebvre S, Burlet P, Liu Q, Bertrandy S, Clermont O, Munnich 
A, Dreyfuss G, Melki J (1997) Correlation between severity 
and SMN protein level in spinal muscular atrophy. Nat Genet 
16:265–259. https:// doi. org/ 10. 1038/ ng0797- 265

Lenzi P, Lazzeri G, Biagioni F, Busceti CL, Gambardella S, Sal-
vetti A, Fornai F (2016) The autophagoproteasome a novel cell 
clearing organelle in baseline and stimulated conditions. Front 
Neuroanat 10:78. https:// doi. org/ 10. 3389/ fnana. 2016. 00078

Li DK, Tisdale S, Lotti F, Pellizzoni L (2014) SMN control of RNP 
assembly: from post-transcriptional gene regulation to motor 
neuron disease. Semin Cell Dev Biol 32:22–29. https:// doi. org/ 
10. 1016/j. semcdb. 2014. 04. 026

https://doi.org/10.1016/j.neuroscience.2008.06.040
https://doi.org/10.3390/ijms21134570
https://doi.org/10.1016/j.nbd.2009.10.017
https://doi.org/10.1016/j.nbd.2009.10.017
https://doi.org/10.1007/s00401-002-0566-0
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1038/nn.4561
https://doi.org/10.1038/nn.4561
https://doi.org/10.1073/pnas.0708022105
https://doi.org/10.1073/pnas.0708022105
https://doi.org/10.4161/auto.5923
https://doi.org/10.4161/auto.5923
https://doi.org/10.1155/2014/670756
https://doi.org/10.1016/j.brainres.2011.12.056
https://doi.org/10.1093/hmg/ddm379
https://doi.org/10.1093/hmg/ddm379
https://doi.org/10.1097/01.jnen.0000205144.54457.a3
https://doi.org/10.1097/01.jnen.0000205144.54457.a3
https://doi.org/10.1007/BF00692217
https://doi.org/10.1007/BF00692217
https://doi.org/10.1016/j.braindev.2011.04.010
https://doi.org/10.1101/gad.908401
https://doi.org/10.1101/gad.908401
https://doi.org/10.1038/71709
https://doi.org/10.1016/j.cell.2012.09.011
https://doi.org/10.1016/j.cell.2012.09.011
https://doi.org/10.1093/hmg/ddi467
https://doi.org/10.1083/jcb.200703187
https://doi.org/10.1016/j.acthis.2006.03.020
https://doi.org/10.1016/j.acthis.2006.03.020
https://doi.org/10.1093/hmg/ddn156
https://doi.org/10.1523/JNEUROSCI.4434-08.2009
https://doi.org/10.1523/JNEUROSCI.4434-08.2009
https://doi.org/10.1186/s13395-020-00258-x
https://doi.org/10.1186/s13395-020-00258-x
https://doi.org/10.1073/pnas.1605210113
https://doi.org/10.1016/S0929-693X(20)30269-4
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1038/ng0797-265
https://doi.org/10.3389/fnana.2016.00078
https://doi.org/10.1016/j.semcdb.2014.04.026
https://doi.org/10.1016/j.semcdb.2014.04.026


790 F. Fulceri et al.

1 3

Limanaqi F, Gambardella S, Lazzeri G, Ferrucci M, Ruggieri S, For-
nai F (2017) Revisiting the gamma loop in ALS. Arch Ital Biol 
155:118–130. https:// doi. org/ 10. 12871/ 00039 82920 1748

Limanaqi F, Busceti CL, Biagioni F, Cantini F, Lenzi P, Fornai F 
(2020) Cell-clearing systems bridging repeat expansion proteotox-
icity and neuromuscular junction alterations in ALS and SBMA. 
Int J Mol Sci 21:4021. https:// doi. org/ 10. 3390/ ijms2 11140 21

Ling KK, Lin MY, Zingg B, Feng Z, Ko CP (2010) Synaptic defects in 
the spinal and neuromuscular circuitry in a mouse model of spinal 
muscular atrophy. PLoS ONE 5:e15457. https:// doi. org/ 10. 1371/ 
journ al. pone. 00154 57

Ling KK, Gibbs RM, Feng Z, Ko CP (2012) Severe neuromuscular 
denervation of clinically relevant muscles in a mouse model of 
spinal muscular atrophy. Hum Mol Genet 21:185–195. https:// doi. 
org/ 10. 1093/ hmg/ ddr453

Liu Q, Dreyfuss G (1996) A novel nuclear structure containing the 
survival of motor neurons protein. EMBO J 15:3555–3565

Lunn MR, Wang CH (2008) Spinal muscular atrophy. Lancet 
371:2120–2133. https:// doi. org/ 10. 1016/ S0140- 6736(08) 60921-6

Magrané J, Sahawneh MA, Przedborski S, Estévez ÁG, Manfredi G 
(2012) Mitochondrial dynamics and bioenergetic dysfunction is 
associated with synaptic alterations in mutant SOD1 motor neu-
rons. J Neurosci 32:229–242. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 1233- 11. 2012

Magrané J, Cortez C, Gan WB, Manfredi G (2014) Abnormal mito-
chondrial transport and morphology are common pathological 
denominators in SOD1 and TDP43 ALS mouse models. Hum 
Mol Genet 23:1413–1424. https:// doi. org/ 10. 1093/ hmg/ ddt528

Martin LJ, Liu Z, Chen K, Price AC, Pan Y, Swaby JA, Golden 
WC (2007) Motor neuron degeneration in amyotrophic lateral 
sclerosis mutant superoxide dismutase-1 transgenic mice: mech-
anisms of mitochondriopathy and cell death. J Comp Neurol 
500:20–46. https:// doi. org/ 10. 1002/ cne. 21160

Martinez-Hernandez R, Soler-Botija C, Also E, Alias L, Caselles L, 
Gich I, Bernal S, Tizzano EF (2009) The developmental pattern 
of myotubes in spinal muscular atrophy indicates prenatal delay 
of muscle maturation. J Neuropathol Exp Neurol 68:474–481. 
https:// doi. org/ 10. 1097/ NEN. 0b013 e3181 a10ea1

Martínez-Hernández R, Bernal S, Also-Rallo E, Alías L, Barceló MJ, 
Hereu M, Esquerda JE, Tizzano EF (2013) Synaptic defects in 
type I spinal muscular atrophy in human development. J Pathol 
229:49–61. https:// doi. org/ 10. 1002/ path. 4080

Mentis GZ, Blivis D, Liu W, Drobac E, Crowder ME, Kong L, Alva-
rez FJ, Sumner CJ, O’Donovan MJ (2011) Early functional 
impairment of sensory-motor connectivity in a mouse model 
of spinal muscular atrophy. Neuron 69:453–467. https:// doi. org/ 
10. 1016/j. neuron. 2010. 12. 032

Mercuri E, Bertini E, Iannaccone ST (2012) Childhood spinal mus-
cular atrophy: controversies and challenges. Lancet Neurol 
11:443–452. https:// doi. org/ 10. 1016/ S1474- 4422(12) 70061-3

Monani UR (2005) Spinal muscular atrophy: a deficiency in a ubiq-
uitous protein; a motor neuron-specific disease. Neuron 48:885–
896. https:// doi. org/ 10. 1016/j. neuron. 2005. 12. 001

Monani UR, Sendtner M, Coovert DD, Parsons DW, Andreassi C, Le 
TT, Jablonka S, Schrank B, Rossoll W, Prior TW, Morris GE, 
Burghes AH (2000a) The human centromeric survival motor 
neuron gene (SMN2) rescues embryonic lethality in SMN(−/−) 
mice and results in a mouse with spinal muscular atrophy. Hum 
Mol Genet 9:333–339. https:// doi. org/ 10. 1093/ hmg/9. 3. 333

Monani UR, Coovert DD, Burghes AH (2000b) Animal models of 
spinal muscular atrophy. Hum Mol Genet 9:2451–2457. https:// 
doi. org/ 10. 1093/ hmg/9. 16. 2451

Monani UR, Pastore MT, Gavrilina TO, Jablonka S, Le TT, 
Andreassi C, DiCocco JM, Lorson C, Androphy EJ, Sendtner 
M, Podell M, Burghes AH (2003) A transgene carrying an A2G 
missense mutation in the SMN gene modulates phenotypic 

severity in mice with severe (type I) spinal muscular atrophy. 
J Cell Biol 160:41–52. https:// doi. org/ 10. 1083/ jcb. 20020 8079

Morrison BM, Janssen WG, Gordon JW, Morrison JH (1998) Time 
course of neuropathology in the spinal cord of G86R superoxide 
dismutase transgenic mice. J Comp Neurol 391:64–77. https:// 
doi. org/ 10. 1002/ (sici) 1096- 9861(19980 202) 391:1% 3c64:: aid- 
cne6% 3e3.0. co;2-p

Murray LM, Beauvais A, Bhanot K, Kothary R (2012) Defects in 
neuromuscular junction remodelling in the Smn(2B/–) mouse 
model of spinal muscular atrophy. Neurobiol Dis 49C:57–67. 
https:// doi. org/ 10. 1016/j. nbd. 2012. 08. 019

Mutsaers CA, Wishart TM, Lamont DJ, Riessland M, Schreml J, 
Comley LH, Murray LM, Parson SH, Lochmüller H, Wirth B, 
Talbot K, Gillingwater TH (2011) Reversible molecular pathol-
ogy of skeletal muscle in spinal muscular atrophy. Hum Mol 
Genet 20:4334–4344. https:// doi. org/ 10. 1093/ hmg/ ddr360

Natale G, Lenzi P, Lazzeri G, Falleni A, Biagioni F, Ryskalin L, 
Fornai F (2015) Compartment-dependent mitochondrial altera-
tions in experimental ALS, the effects of mitophagy and mito-
chondriogenesis. Front Cell Neurosci 9:434. https:// doi. org/ 10. 
3389/ fncel. 2015. 00434

Navascues J, Berciano MT, Tucker KE, Lafarga M, Matera AG (2004) 
Targeting SMN to Cajal bodies and nuclear gems during neu-
ritogenesis. Chromosoma 112:398–409. https:// doi. org/ 10. 1007/ 
s00412- 004- 0285-5

Pagliardini S, Giavazzi A, Setola V, Lizier C, Di Luca M, DeBiasi S, 
Battaglia G (2000) Subcellular localization and axonal transport 
of the survival motor neuron (SMN) protein in the developing rat 
spinal cord. Hum Mol Genet 9:47–56. https:// doi. org/ 10. 1093/ 
hmg/9. 1. 47

Powis RA, Gillingwater TH (2016) Selective loss of alpha motor neu-
rons with sparing of gamma motor neurons and spinal cord cho-
linergic neurons in a mouse model of spinal muscular atrophy. J 
Anat 228:443–451. https:// doi. org/ 10. 1111/ joa. 12419

Rajendra TK, Gonsalvez GB, Walker MP, Shpargel KB, Salz HK, 
Matera AG (2007) A Drosophila melanogaster model of spinal 
muscular atrophy reveals a function for SMN in striated muscle. 
J Cell Biol 176:831–841. https:// doi. org/ 10. 1083/ jcb. 20061 0053

Ripolone M, Ronchi D, Violano R, Vallejo D, Fagiolari G, Barca 
E, Lucchini V, Colombo I, Villa L, Berardinelli A et al (2015) 
Impaired muscle mitochondrial biogenesis and myogenesis in 
spinal muscular atrophy. JAMA Neurol 72:666–675. https:// doi. 
org/ 10. 1001/ jaman eurol. 2015. 0178

Ruiz R, Casanas JJ, Torres-Benito L, Cano R, Tabares L (2010) Altered 
intracellular Ca2+ homeostasis in nerve terminals of severe spinal 
muscular atrophy mice. J Neurosci 30:849–857. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 4496- 09. 2010

Ryniewicz B (1977) Motor and sensory conduction velocity in spinal 
muscular atrophy. Follow-up Study. Electromyogr Clin Neuro-
physiol 17:385–391

Schrank B, Götz R, Gunnersen JM, Ure JM, Toyka KV, Smith AG, 
Sendtner M (1997) Inactivation of the survival motor neuron gene, 
a candidate gene for human spinal muscular atrophy, leads to mas-
sive cell death in early mouse embryos. Proc Natl Acad Sci USA 
94:9920–25. https:// doi. org/ 10. 1073/ pnas. 94. 18. 9920

Schwartz MS, Moosa A (1977) Sensory nerve conduction in the spinal 
muscular atrophies. Dev Med Child Neurol 19:50–53. https:// doi. 
org/ 10. 1111/j. 1469- 8749. 1977. tb080 19.x

Shababi M, Lorson CL, Rudnik-Schöneborn SS (2014) Spinal muscular 
atrophy: a motor neuron disorder or a multi-organ disease? J Anat 
224:15–28. https:// doi. org/ 10. 1111/ joa. 12083

Sleigh JN, Gillingwater TH, Talbot K (2011) The contribution of 
mouse models to understanding the pathogenesis of spinal 

https://doi.org/10.12871/00039829201748
https://doi.org/10.3390/ijms21114021
https://doi.org/10.1371/journal.pone.0015457
https://doi.org/10.1371/journal.pone.0015457
https://doi.org/10.1093/hmg/ddr453
https://doi.org/10.1093/hmg/ddr453
https://doi.org/10.1016/S0140-6736(08)60921-6
https://doi.org/10.1523/JNEUROSCI.1233-11.2012
https://doi.org/10.1523/JNEUROSCI.1233-11.2012
https://doi.org/10.1093/hmg/ddt528
https://doi.org/10.1002/cne.21160
https://doi.org/10.1097/NEN.0b013e3181a10ea1
https://doi.org/10.1002/path.4080
https://doi.org/10.1016/j.neuron.2010.12.032
https://doi.org/10.1016/j.neuron.2010.12.032
https://doi.org/10.1016/S1474-4422(12)70061-3
https://doi.org/10.1016/j.neuron.2005.12.001
https://doi.org/10.1093/hmg/9.3.333
https://doi.org/10.1093/hmg/9.16.2451
https://doi.org/10.1093/hmg/9.16.2451
https://doi.org/10.1083/jcb.200208079
https://doi.org/10.1002/(sici)1096-9861(19980202)391:1%3c64::aid-cne6%3e3.0.co;2-p
https://doi.org/10.1002/(sici)1096-9861(19980202)391:1%3c64::aid-cne6%3e3.0.co;2-p
https://doi.org/10.1002/(sici)1096-9861(19980202)391:1%3c64::aid-cne6%3e3.0.co;2-p
https://doi.org/10.1016/j.nbd.2012.08.019
https://doi.org/10.1093/hmg/ddr360
https://doi.org/10.3389/fncel.2015.00434
https://doi.org/10.3389/fncel.2015.00434
https://doi.org/10.1007/s00412-004-0285-5
https://doi.org/10.1007/s00412-004-0285-5
https://doi.org/10.1093/hmg/9.1.47
https://doi.org/10.1093/hmg/9.1.47
https://doi.org/10.1111/joa.12419
https://doi.org/10.1083/jcb.200610053
https://doi.org/10.1001/jamaneurol.2015.0178
https://doi.org/10.1001/jamaneurol.2015.0178
https://doi.org/10.1523/JNEUROSCI.4496-09.2010
https://doi.org/10.1523/JNEUROSCI.4496-09.2010
https://doi.org/10.1073/pnas.94.18.9920
https://doi.org/10.1111/j.1469-8749.1977.tb08019.x
https://doi.org/10.1111/j.1469-8749.1977.tb08019.x
https://doi.org/10.1111/joa.12083


791Ultrastructural characterization of peripheral denervation in a mouse model of Type III spinal…

1 3

muscular atrophy. Dis Model Mech 4:457–467. https:// doi. org/ 
10. 1242/ dmm. 007245

Thirunavukkarasu B, Gupta K, Bansal A, Dhanasekaran N, Baranwal A 
(2020) Spinal muscular atrophy: autopsy based neuropathological 
demonstration. Neurol India 68:882–885. https:// doi. org/ 10. 4103/ 
0028- 3886. 293477

Torres-Benito L, Neher MF, Cano R, Ruiz R, Tabares L (2011) SMN 
requirement for synaptic vesicle, active zone and microtubule 
postnatal organization in motor nerve terminals. PLoS ONE 
6:e26164. https:// doi. org/ 10. 1371/ journ al. pone. 00261 64

Veldink JH, Kalmijn S, Van der Hout AH, Lemmink HH, Groeneveld 
GJ, Lummen C, Scheffer H, Wokke JH, Van den Berg LH (2005) 
SMN genotypes producing less SMN protein increase suscepti-
bility to and severity of sporadic ALS. Neurology 65:820–825. 
https:// doi. org/ 10. 1212/ 01. wnl. 00001 74472. 03292. dd

Vincent A, Ng Y, White K et al (2016) The spectrum of mitochon-
drial ultrastructural defects in mitochondrial myopathy. Sci Rep 
6:30610. https:// doi. org/ 10. 1038/ srep3 0610

Vukojicic A, Delestrée N, Fletcher EV, Pagiazitis JG, Sankaranaray-
anan S, Yednock TA, Barres BA, Mentis GZ (2019) The classical 
complement pathway mediates microglia-dependent remodeling 
of spinal motor circuits during development and in SMA. Cell Rep 
29:3087-3100.e7. https:// doi. org/ 10. 1016/j. celrep. 2019. 11. 013

Wadman RI, Vrancken AF, van den Berg LH, van der Pol WL (2012) 
Dysfunction of the neuromuscular junction in spinal muscular 
atrophy types 2 and 3. Neurology 79:2050–2055. https:// doi. org/ 
10. 1212/ WNL. 1210b 1013e 31827 49eca

Wen HL, Lin YT, Ting CH, Lin-Chao S, Li H, Hsieh-Li HM (2010) 
Stathmin, a microtubule-destabilizing protein, is dysregulated in 
spinal muscular atrophy. Hum Mol Genet 19:1766–1778

Xu CC, Denton KR, Wang ZB, Zhang X, Li XJ (2016) Abnormal 
mitochondrial transport and morphology as early pathological 
changes in human models of spinal muscular atrophy. Dis Model 
Mech 9:39–49

Yoshida M, Kitaoka S, Egawa N, Yamane M, Ikeda R, Tsukita K, 
Amano N, Watanabe A, Morimoto M, Takahashi J, Hosoi H, 
Nakahata T, Inoue H, Saito MK (2015) Modeling the early phe-
notype at the neuromuscular junction of spinal muscular atrophy 
using patient-derived iPSCs. Stem Cell Rep 4:561–568. https:// 
doi. org/ 10. 1016/j. stemcr. 2015. 02. 010

Zerres K, Rudnik-Schoneborn S (1995) Natural history in proximal 
spinal muscular atrophy. Clinical analysis of 445 patients and 
suggestions for a modification of existing classifications. Arch 
Neurol 52:518–523. https:// doi. org/ 10. 1001/ archn eur. 1995. 00540 
29010 8025

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1242/dmm.007245
https://doi.org/10.1242/dmm.007245
https://doi.org/10.4103/0028-3886.293477
https://doi.org/10.4103/0028-3886.293477
https://doi.org/10.1371/journal.pone.0026164
https://doi.org/10.1212/01.wnl.0000174472.03292.dd
https://doi.org/10.1038/srep30610
https://doi.org/10.1016/j.celrep.2019.11.013
https://doi.org/10.1212/WNL.1210b1013e3182749eca
https://doi.org/10.1212/WNL.1210b1013e3182749eca
https://doi.org/10.1016/j.stemcr.2015.02.010
https://doi.org/10.1016/j.stemcr.2015.02.010
https://doi.org/10.1001/archneur.1995.00540290108025
https://doi.org/10.1001/archneur.1995.00540290108025

	Ultrastructural characterization of peripheral denervation in a mouse model of Type III spinal muscular atrophy
	Abstract
	Introduction
	Materials and methods
	Animals
	Tissue dissection and processing for transmission electron microscopy
	Morphometric analysis of mitochondrial alterations
	Post-embedding immunoelectron microscopy
	Statistical analysis

	Results
	Muscle fiber architecture and sub-cellular structures are altered in SMA
	Muscle spindle fibers’ architecture is altered in SMA
	Distal axons feature loss of myelin sheath and clogging in SMA
	Neuromuscular junction (NMJ) architecture is altered in SMA
	The ultrastructure of motor neurons and proximal axons is well- preserved despite SMI-32 accumulation in SMA

	Discussion
	References




